1. Introduction to arteriviruses {#sec0005}
================================

*Arteriviridae* is a family of enveloped, positive-stranded RNA viruses. Despite their importance in veterinary medicine, the arteriviruses are only poorly characterized in molecular terms. The prototype arterivirus is equine arteritis virus (EAV), which can cause substantial disease in horses; further arteriviruses are porcine reproductive and respiratory syndrome virus (PRRSV), the most important pathogen in the pig industry worldwide, the murine lactate dehydrogenase-elevating virus (LDV) and simian haemorrhagic fever virus (SHFV). To date, no arterivirus affecting humans has been encountered (for recent review, see [@bib0020], [@bib0430], [@bib0610]).

Arterivirus infection may be subclinical (especially in the case of LDV), but can lead to severe symptoms, most prominently lesions of arteries (arteritis, hence the name of the virus family), oedema, respiratory symptoms/pneumonia as well as abortion in pregnant animals, with devastating implications in animal breeding (for review, see [@bib0075], [@bib0485], [@bib0585]). The primary target cells for arteriviruses are macrophages, but highly pathogenic PRRSV isolates may have an expanded tropism to include epithelial cells ([@bib0840]). Transmission is mainly via the respiratory route; sexual transmission occurs as well ([@bib0075], [@bib0485], [@bib0585]).

One common, relevant trait of arterivirus infection is persistence. After acute infection, the virus is often not eliminated entirely, but continues to replicate at low levels in lymphoid tissues (PRRSV) or in the reproductive tract (EAV). It is generally assumed that the host\'s immune system is incapable of setting up a robust immune response against the virus. This is evidenced by the finding that neutralizing antibodies against PRRSV and LDV are generated only late after infection, and that their titres stay low. Several hypotheses about the mechanistic basis for persistence have been put forward (for review, see [@bib0060], [@bib0095], [@bib0320], [@bib0420], [@bib0455]).

This article will focus on the biochemical processing of the structural proteins of arteriviruses, with emphasis on EAV and PRRSV. We believe that understanding the biochemical properties of the viral proteins is highly relevant, not least in order to develop vaccines and treatments for the arteriviral diseases in a knowledge-based manner. In addition, some molecular features of the arteriviral proteins are very interesting from a cell biological point of view since they have been found to be unusual or even unique. For background information on the cellular biology of synthesis and processing of membrane proteins and the molecular features of the enzymes and proteins involved, the reader is referred to [Addendum](#sec0165){ref-type="sec"}. Upon their first appearance in the main text, terms related to these topics are highlighted in italics and bold to refer the reader to [Addendum](#sec0165){ref-type="sec"}.

1.1. The structural proteins of arteriviruses: overview {#sec0010}
-------------------------------------------------------

Due to similarities in genome organization and replication strategy, *Arteriviridae* are grouped in the order *Nidovirales* together with *Coronaviridae*, *Roniviridae* and *Mesoniviridae*. The biochemical properties of the structural proteins are, however, markedly different in *Arteriviridae*; yet, all *Nidovirales* share the property of possessing a nested genome, where the structural proteins are expressed from a set of 3′ co-terminal subgenomic mRNAs ([@bib0205], [@bib0245]). The open reading frames encoding the structural proteins are partially overlapping. Accordingly, one needs to keep in mind that a given amino acid context in a structural protein may actually be a by-product of evolutionary pressure on a different protein, encoded in part by the same RNA sequence. Also, this feature restricts the possibility to address virus protein mutations in recombinant viruses without affecting the overlapping ORFs.

Arteriviruses contain at least seven structural proteins ([Fig. 1](#fig0005){ref-type="fig"} ; [@bib0460]). The nucleocapsid protein N builds the scaffold for the genomic RNA, and several membrane proteins are incorporated into the viral envelope: the glycoproteins Gp2, Gp3, Gp4 and Gp5 as well as the non-glycosylated membrane proteins M and E. Gp2/3/4 form a disulphide-linked heterotrimeric complex in virus particles, and Gp5 is disulphide-linked to M. N, M and Gp5 are major virion components, whereas E, Gp2, Gp3 and Gp4 are referred to as minor structural proteins ([@bib0120]). A novel membrane-anchored protein encoded by an alternative open reading frame of the subgenomic mRNA encoding Gp5 was discovered recently. This ORF5a protein is incorporated into virus particles, but probably as a very minor component ([@bib0215], [@bib0280]). Yet, it is relevant for replication: PRRSV does not replicate in the absence of the ORF5a protein, whereas recombinant EAV lacking the ORF5a protein could be generated, but grew to low titres and displayed a tiny plaque size ([@bib0215], [@bib0645]). Very recently, the non-structural protein nsp2 was shown to be incorporated into virions of a variety of PRRSV strains ([@bib0295]). This protein is predicted to have several transmembrane-spanning regions and assists in the induction of double membrane vesicles, ER-derived membrane scaffolds forming the viral replication and transcription complex ([@bib0625]). The role of nsp2 in virions is not yet understood.Fig. 1Scheme of an arterivirus particle. The membrane contains the major Gp5/M complex (blue and orange), the minor glycoprotein complex Gp2/3/4 (green, red and purple, respectively), the small hydrophobic E protein (dark blue) and the ORF5a protein (yellow).

From reverse genetics experiments with EAV and to some extent PRRSV, it is known that all structural proteins of either virus are essential for virus replication. If either Gp5 or M is deleted from the viral genome, no virus particles are released from infected cells. Thus, Gp5 and M are required for virus budding (which does not exclude additional functions, e.g. during virus entry). If expression of either Gp2 or Gp3 or Gp4 is abrogated, virus-like particles bud from cells, but the particles are not infectious, indicating that cell entry is disturbed in the absence of the minor glycoprotein complex ([@bib0785], [@bib0800]). Furthermore, the Gp2/3/4 complex governs cell tropism: When the ectodomains of EAV and PRRSV are swapped, the cell tropism of the resulting recombinant virus is altered, but not by exchanging the ectodomains of Gp5 and M ([@bib0150], [@bib0360], [@bib0670], [@bib0715]). Interestingly, the Gp2/3/4 complex interacts either physically or functionally with E. Removal of E from the viral genome completely prevents incorporation of the Gp2/3/4 complex into virus particles, whereas in the absence of either Gp2, Gp3 or Gp4, the amount of E in virions is greatly reduced ([@bib0785]). Another peculiarity of the Gp2/3/4 complex is that Gp3 appears to be linked to the pre-formed Gp2/4 dimer only after virus budding ([@bib0780]).

1.2. Virus particles, budding and cell entry of arteriviruses {#sec0015}
-------------------------------------------------------------

Arterivirus particles are pleomorphic, but typically spherical or oval with a diameter of approx. 60 nm and a relatively smooth outer surface (for review, see [@bib0155], [@bib0615]). The nucleocapsid -- comprising the viral RNA wrapped by the N protein -- is arranged as a double-layered, spherical hollow core, separated from the lipid envelope by a gap of 2--3 nm as revealed by cryo-electron tomography ([@bib0630]). The arterivirus particles are produced intracellularly; no budding is observed at the plasma membrane ([@bib0085], [@bib0395], [@bib0735]). According to various electron microscopy studies, virus particle generation proceeds by budding of pre-formed nucleocapsids into the lumen of the smooth endoplasmic reticulum (ER) and/or the Golgi apparatus ([@bib0550], [@bib0615], [@bib0735], [@bib0810]). In analogy to the distantly related coronaviruses ([@bib0330], [@bib0640]), the ERGIC -- the ER--Golgi intermediate compartment -- could be the budding compartment, which has, however, not been directly shown for arteriviruses. After budding of the virions, they are transported along the secretory route and ultimately released by exocytosis.

PRRSV is the only arterivirus for which the entry mediators have been characterized to some extent. Initial contacts between the cell and the virus are mediated by binding of M to heparan sulphate proteoglycans, ubiquitous cellular membrane proteins. Sialic acid residues on Gp5 are then recognized by sialoadhesin (CD169), a lectin present only on macrophages, the primary target cells for arteriviruses. Sialoadhesin is supposed to be required for clathrin-dependent endocytosis of virus particles and their vesicular transport to early endosomes (for review, see [@bib0680]). In an elegant biochemical study, it was shown that upon incubation with virus particles, purified sialoadhesin binds to Gp5, but not to Gp3 and Gp4, which, however, are also sialylated. The difference in the specificity was attributed to differences in the type of linkage between sialic acid and the following sugar residue and to a multivalency effect (binding of sialoadhesin to the glycoprotein that is more abundant on the virion surface, i.e. Gp5) ([@bib0680]). However, the essential role of sialoadhesin for virus entry is controversial, since cells and even transgenic pigs lacking sialoadhesin are efficiently infected and support virus replication ([@bib0555]). Thus, sialoadhesin may be a non-essential attachment factor for PRRSV to bind and concentrate virions on the macrophage surface, hence allowing a more efficient infection.

In the endosome, the Gp2/3/4 complex binds to CD163, a scavenger receptor for haemoglobin clearance. CD163 appears to be the most specific receptor for PRRSV entry (for review, see [@bib0690], [@bib0755]). The essential role of CD163 has been demonstrated most convincingly by rendering non-permissive cells susceptible to PRRSV infection upon transfection with CD163 ([@bib0055], [@bib0365], [@bib0695]). Interestingly, the host range specificity of PRRSV is not encoded in the cellular receptor, since CD163 and CD169 homologues from various mammalian species, including humans, can functionally replace the porcine receptors ([@bib0055], [@bib0685]).

After receptor-mediated endocytosis of virus particles, a drop in endosomal pH, probably accompanied by the proteolytic activity of cathepsin E ([@bib0450]), activates the membrane fusion machinery of PRRSV ([@bib0680]). However, it has not been identified so far for any of the arteriviruses what the target of cathepsin E is and which of the viral spikes mediates membrane fusion.

1.3. Virus replication in infected animals and immune response {#sec0020}
--------------------------------------------------------------

In pigs, PRRSV replicates in porcine alveolar macrophages (PAMs) and other cells of the monocyte/macrophage lineage, which disseminate the virus to the blood. Highly pathogenic PRRSV isolates may possess an expanded tropism to include epithelial cells ([@bib0220], [@bib0840]). Clinical symptoms, appearing early after infection, are mainly respiratory illness in growing pigs, whereas in pregnant sows, infection often leads to reproductive failure ([@bib0585], [@bib0850]). Viraemia is sustained for up to 4 weeks after infection. Beyond that phase, however, the virus is typically not cleared from the body, but persists due to continuous low levels of replication, predominantly in lymphoid tissues, and continues to be shed ([@bib0060]). The molecular cause of persistence, one main obstacle to eliminate PRRSV from pig farms, is unclear. It is generally assumed that the host\'s immune system is incapable of setting up a robust immune response against the virus, leading to this persistence phenomenon ([@bib0420]). There is a strong antibody response directed against N and Gp5 few days after infection, yet these antibodies do not neutralize the virus. Neutralizing antibodies, however, appear only late, after more than 4 weeks after infection ([@bib0830]). Their appearance coincides with clearing of virus from blood. The importance of neutralizing antibodies is reflected by the findings that serum from convalescent pigs ([@bib0385]) and passive transfer of neutralizing antibodies ([@bib0510]) both provide protection to homologous challenge and clear virus from blood. However, it is not universally accepted that neutralizing antibodies are crucial for immunity. Viraemia is often resolved before neutralizing antibodies are detected ([@bib0455]).

Several hypotheses about the mechanistic basis for persistence have been put forward (for review, see [@bib0320], [@bib0420], [@bib0455]). One such hypothesis, important with regard to the viral membrane proteins, is the "decoy epitope" hypothesis ([@bib0390]), which predicts that a non-neutralizing, immunodominant epitope is present in Gp5, which decreases the induction or reactivity of antibodies against a nearby neutralizing epitope as described in more detail below.

Glycoproteins of PRRSV, especially Gp5 and Gp3, are the most variable proteins of any known viruses ([@bib0425], [@bib0600], [@bib0635]). Besides persistence of PRRSV, the variability of its antigens poses the biggest challenge for the successful control and elimination of the disease. Distinct PRRSV genotypes were identified in Europe (type 1, prototype: Lelystad virus) and North America (type 2, reference strain: VR-2332) in the early 1990s ([@bib0040], [@bib0760]), but, meanwhile, the viruses have spread worldwide. Furthermore, new viruses continuously emerge, such as the highly virulent, type 2-related PRRSV in China ([@bib0840]) and the virulent Lena strain in Eastern Europe ([@bib0305]). The very low amino acid identity between glycoproteins may explain why the currently available vaccines protect against infections with homologous, but not heterologous strains.

Despite many efforts, it is still controversial against which surface protein(s) of PRRSV neutralizing antibodies are directed. Gp5 was favoured as the most relevant antigen ([@bib0390]), but a recent study described that a neutralizing pig serum that was affinity-purified with Gp5 did not neutralize infectivity of the virus ([@bib0370]). Neutralizing epitopes were also described and mapped in other PRRSV proteins, notably M ([@bib0825]), Gp3 ([@bib0730]) and -- at least for the European subtype -- Gp4 ([@bib0700]). However, epitopes were mostly determined by Pepscan analysis and phage display, peptide-based approaches that are error-prone and do not detect conformation-dependent antigens, which may arise by glycosylation, folding and oligomerization of proteins.

2. Membrane proteins of arteriviruses {#sec0025}
=====================================

2.1. The Gp5/M complex {#sec0030}
----------------------

**M** (∼160--170 amino acids, predicted MW ∼18 kDa) is the most conserved membrane protein of arteriviruses. It consists of a short ectodomain (15--17 amino acids), three putative ***transmembrane regions*** (20 amino acids each), which are connected by two short loops (∼6--9 amino acids), and a long, hydrophilic cytoplasmic tail (∼70--80 amino acids) ([@bib0120]). The short N-terminal ectodomain does not contain a ***signal peptide*** or a consensus sequence for the attachment of N-linked glycans ([Table 1](#tbl0005){ref-type="table"} , [Fig. 2](#fig0010){ref-type="fig"} ). However, a motif for cotranslational attachment of myristic acid to the N-terminal glycine residue (consensus sequence GXXXS/T) is present in M of EAV (M**G**AID**S**FCGD...). This site is predicted with high confidence to be ***myristoylated*** by a usually reliable bioinformatics tool ([[http://web.expasy.org/myristoylator/]{.ul}](http://web.expasy.org/myristoylator/){#intr0110}). Nevertheless, the acylation site is apparently not used as demonstrated by labelling experiments with \[^3^H\]-myristate ([@bib0125] and own unpublished results). In accordance, the N-termini of M from PRRSV of both the European (Lelystad: M**G**GLD**D**FCND...) and the American genotype (VR-2332: M**G**SSL**D**DFCH...) are not predicted to be myristoylated. Both retain the glycine residues, but the essential serine at position 6 is replaced by a large amino acid (D), which is not recognized by the N-myristoyltransferase ([@bib0045]).Table 1N-terminal amino acid sequence of M from EAV and PRRSV.[^2]Fig. 2Scheme of the Gp5/M dimer of EAV. The N- and C-terminus of each protein is indicated. S---S indicates the disulphide bond between cysteine 8 of M and cysteine 27 in Gp5. Cysteine residues within the ectodomains are indicated as stars and glycans as branches. For the location of glycosylation sites in type 1 and 2 PRSSV strains, see [Table 3](#tbl0015){ref-type="table"}, [Table 4](#tbl0020){ref-type="table"}. TMR: putative transmembrane regions. For a different membrane topology of Gp5, see [Table 2](#tbl0010){ref-type="table"} and [Fig. 3](#fig0015){ref-type="fig"}.

The only known modification of the ectodomain of M is the formation of a ***disulphide linkage*** with Gp5, as reported for EAV ([@bib0125]). This occurs through the single cysteine residue at position 8 of the ectodomain of M ([@bib0605]), which is also present in M of PRRSV strains. Heterodimerization of M with Gp5 is required for transport of Gp5 and M from the ER to the Golgi apparatus, indicating that only properly assembled Gp5/M complexes can pass the quality control system of the ER. As a consequence, only Gp5/M heterodimers are incorporated into virus particles, and mutagenesis of cysteine 8 in M completely abolishes the release of infectious virus particles ([@bib0605]). ***Folding*** and ***oligomerization*** of the Gp5/M complex seems to be a complicated and regulated process. Gp5 monomers rapidly form a disulphide linkage with M and virtually all Gp5 monomers end up in heterodimers, the association of M with Gp5 however proceeds at a slower rate, and a fraction of the M protein persists in cells as monomers. The M protein also forms covalently linked homodimers, which are either dead-end products or a mandatory step in the build-up of a functional Gp5/M spike ([@bib0125]).

**Gp5** (previously termed G~L~, L for large) encompasses ∼200 amino acids in PRRSV, but 255 in EAV. Sequence alignment shows that the inserted amino acids are likely to be located in the ectodomain of Gp5. Gp5 comprises an N-terminal cleavable signal peptide directing protein synthesis to the rough ER, followed by an ectodomain of roughly 30 amino acids in PRRSV and 90 amino acids in EAV, containing at least one (EAV) or several (PRRSV) ***N-glycosylation sites***. The region between residues 65 and 127 (PRRSV) or between 115 and 180 (EAV) is ***hydrophobic*** and assumed to span the membrane three times. The C-terminal part (128--200 in PRRSV, 181--255 in EAV) is hydrophilic and most probably located in the cytosol, ending up in the virus interior ([Fig. 2](#fig0010){ref-type="fig"}). In PRRSV, Gp5 is the most variable structural protein with only ∼50% amino acid homology between North American and European isolates ([@bib0425], [@bib0460]).

### 2.1.1. Membrane topology of Gp5 {#sec0035}

Although Gp5 is usually depicted to span the membrane three times, the membrane ***topology*** of Gp5 has never been investigated experimentally, and bioinformatic tools do not always predict three TMRs for the Gp5 proteins of the various arteriviruses ([@bib0155]).

Only the last part of the hydrophobic region of PRRSV-Gp5 complies with the properties of typical transmembrane regions, where a hydrophobic sequence of ∼20 amino acids is flanked on each side by charged residues (here, arginine, sequence [R]{.ul}YVLSSIYAVCALAALTCFVI[R]{.ul}, residues 105--126 in PRRSV VR-2332, [Table 2](#tbl0010){ref-type="table"} ). The preceding part of the hydrophobic region is ∼40 amino acids long (SFVIFPVLTHIVSYGALTTSHFLDTVALVTVSTAGFVHGR, residues 66--105 in PRRSV VR-2332) and thus could in principle span the membrane yet another two times. However, it is conceivable that this hydrophobic stretch rather forms a hairpin loop that does not fully transverse the membrane. In accordance with this, there is a conserved proline residue, which may induce a kink in the TMR\'s α-helix that will cause it to run back from the interior of the membrane to the lumen of the ER ([Fig. 3](#fig0015){ref-type="fig"} ). Furthermore, there is a charged residue (D or E in PRRSV or EAV, respectively) 15 residues from the end of this hydrophobic region, which is untypical for a transmembrane stretch. This charged residue may instead be exposed to the hydrophilic phase. In that case, the following stretch (DTVALVTVSTAGFVHGR, residues 89--105 in PRRSV VR-2332) would be exposed to the ER lumen (hence, the virus exterior in the mature virion).Table 2Hydrophobic region of Gp5 from PRRSV, EAV and LDV.[^3]Fig. 3Speculation on an alternative membrane topology of Gp5. The first and second hydrophobic region may not cross the membrane completely (as depicted in [Fig. 2](#fig0010){ref-type="fig"}), but form a hairpin structure. The kink might be induced by a conserved proline residue ([Table 2](#tbl0010){ref-type="table"}), which is not compatible with the typical α-helical structure of transmembrane regions.

### 2.1.2. Antibody epitopes in Gp5 {#sec0040}

Generally, Gp5 is assumed to be the most relevant antigen for neutralizing antibodies in PRRSV ([@bib0390]), EAV ([@bib0030]) and LDV ([@bib0545]).

Two epitopes have been mapped for Gp5 of type 2 PRRSV (reference strain: VR-2332), only one of which is neutralizing. Epitope A, encompassing residues 27--31, elicits an early and strong, but non-neutralizing immune response, while Epitope B (residues 37--44) is neutralizing, but less immunogenic. Antibodies directed against Epitope B appear only late in infection. Based on these findings, the "decoy hypothesis" was put forward to explain persistence of the virus (Lopez and Osorio). According to this hypothesis, the immunodominant Epitope A serves as a "decoy" to delay recognition of Epitope B. The region of Epitope A also harbours the predicted ***signal peptide cleavage*** sites and a variable number of potential N-glycosylation sites ([Table 3](#tbl0015){ref-type="table"} ). At the time of publication of the "decoy hypothesis", it was not known whether and where the signal peptide is cleaved and whether the "decoy epitope" is present in virus particles, thus whether the molecular requirements for the hypothesis are fulfilled.Table 3N-terminal amino acid sequence of Gp5 from various type 2 PRRSV strains.[^4]

We addressed this question and could show that the signal peptide of Gp5 from a selection of type 2 strains is cleaved, both during in vitro translation in the presence of microsomes and in transfected cells, and independently of neighbouring glycosylation sites. The exact signal peptide cleavage site in Gp5 of the reference strain VR-2332 was elucidated by mass spectrometry of recombinant and virus-derived protein. The results revealed that the signal peptide of Gp5 can be cleaved at two sites, between alanine 26 and valine 27 (site 1), or between alanine 31 and serine 32 (site 2). As a result, a mixture of Gp5 proteins exists in virus particles, some of which (cleaved at site 1) still contain the "decoy epitope" sequence. The mass spectrometry data are not quantitative, but SDS-PAGE migration patterns suggest that the majority of Gp5 molecules in transfected cells is cleaved at site 2 ([@bib0665]). In accordance, sequencing the N-terminus of Gp5 from purified PRSSV particles revealed that the first residue of mature Gp5 is serine 32 (i.e. signal peptide cleavage at site 2) ([@bib0570]). However, sequencing is less sensitive than mass spectrometry, and therefore less abundant N-termini of Gp5 would not have been detected by this method. In summary, the "decoy epitope"-containing fraction of Gp5 in virions is probably small, but it needs to be tested whether it plays a role for immune evasion of the virus. The cellular fate of the cleaved signal peptides of Gp5 -- most of which arise from cleavage at site 2 and thus contain the "decoy epitope" sequence -- has however not been determined. They might be processed to be presented on either MHC class I or class II to fool the immune system of the host, similar to what has been shown for signal peptides from other virus families ([@bib0265], [@bib0405]).

Intriguingly, the position of the neutralizing epitope in Gp5 appears not to be conserved between the PRRSV genotypes. For Gp5 of PRRSV genotype 1 only one neutralizing epitope was described for the strain Intervet-10 (I-10) using monoclonal antibodies from immunized mice ([@bib0750]). Surprisingly, the antibodies did not neutralize the infectivity of the closely related Lelystad strain. This is due to a single amino acid difference (P→C) located in the signal peptide of Gp5 ([Table 4](#tbl0020){ref-type="table"} ) -- yet, the epitope does not encompass this residue, but is located further downstream, right at the border between the predicted signal peptide and the ectodomain. It was speculated, but not shown, that the amino acid exchange affects the site of signal peptide cleavage, such that the epitope is present in the mature form of Gp5 from I-10, but not from Lelystad ([@bib0805]). It is also an open question whether such monoclonal antibodies are also generated during a natural infection of pigs.Table 4N-terminal amino acid sequence of Gp5 from type 1 PRRSV strains.[^5]

### 2.1.3. N-glycosylation of Gp5 {#sec0045}

Gp5 (as well as the other arterivirus glycoproteins) contains only N-linked glycans; O-glycosylation at serine or threonine residues has not been described. The exact structure of the carbohydrate side chains (i.e. which specific sugars are attached to each glycosylation site and by which type of linkage) has not been determined for Gp5 or any other arterivirus glycoprotein. From digestion experiments with glycosidases it is known that (at least some) side chains are processed to an ***Endo-H*** resistant, complex form that contains terminal sialic acid ([@bib0125], [@bib0135]). In addition, Gp5 (at least from EAV and LDV) contains repeating lactosamine units within the N-linked side chain, i.e. N-acetyl-glucosamine linked by a β1--4 linkage to galactose ([@bib0120], [@bib0375]), a rather unusual modification of a viral glycoprotein. Attachment of lactosamine units usually occurs in the trans-Golgi cisternae and/or the trans-Golgi network, their number is variable (causing Gp5 to run as a smear in SDS-PAGE) and probably cell type-dependent. The role of polylactosamine glycans for the biology of arteriviruses is unknown, but potentially important, since polylactosamine on (at least cellular) glycoproteins influences basal levels of lymphocyte and macrophage activation ([@bib0675]).

The ectodomain of Gp5 from PRRSV contains a variable number of N-glycosylation sites. Two of these (N46 and N53 in type 1, N44 and N51 in type 2) are highly conserved. The relevance of the glycosylation sites for replication of PRRSV strains in cell culture has been addressed in several studies. In the Lelystad strain, removal of the site N53 had no effect on virus replication, whereas exchange of N46 strongly reduced the release of virus particles, which also had a lower specific infectivity ([@bib0795]). A very similar effect regarding the significance of individual conserved glycosylation sites was reported for the American strain FL-12. Mutations involving N44 did not allow the production of infectious virus particles, whereas viruses with removal of N51 in Gp5 grew to lower titres ([@bib0015]). In contrast, a recent study with the type 2 strain JXM 100 demonstrated that removal of the conserved glycosylation sites did not affect virus replication in cell culture. Only if two sites were exchanged simultaneously was the virus yield reduced ([@bib0740]). In EAV the single conserved glycosylation site in Gp5 is essential for virus replication; yet, the virus tolerates removal of a large fragment of Gp5\'s ectodomain ([@bib0605]).

Besides the two conserved glycosylation sites, Gp5 of PRRSV contains a number of variable potential glycosylation sites that are located in a hypervariable region at the border between the signal peptide and the ectodomain. This region is rich in serine and asparagine codons (AGC and AAC, respectively), and single nucleotide exchanges can easily lead to the addition or loss of N-glycosylation sites. Typically, 0--3 sites are present.

Addition or loss of glycosylation sites occurs also during infection of pigs. Serial passaging of VR-2332 virus between pigs resulted in numerous mutations in Gp5, including the changes N33S and D34N, removing and adding potential glycosylation sites, respectively ([@bib0345]). The mutation D34N was also observed during the course of infection when the viral sequences in individual pigs were followed after experimental infection with PRRSV VR-2332 for 132 days ([@bib0065]). In addition, a PRRSV virus isolate with deleted glycosylation site N51 in Gp5 (and also one glycosylation site in Gp3) regained both sites after infection of piglets ([@bib0730]).

Using expression of Gp5 from PRRSV VR-2332, it was found that N30 does not contain carbohydrates in the mature protein, whereas N33 and also a site introduced at position N34 (leading to the overlapping ***sequon*** NNSS) are both glycosylated ([@bib0665]). This is surprising since overlapping sequons are generally not modified at both asparagines ([@bib0300]). When Gp5 present in virus particles was analysed by mass spectrometry, microheterogeneity was observed regarding the use of the glycosylation sites in the hypervariable region, not all the potential sites were used in every molecule ([@bib0665]). Regarding the functional role of the variable glycosylation sites, it was reported that the carbohydrate attached to position N34 was required for efficient virus replication of one type 2 strain ([@bib0015]), but that the adjacent site N35 had no effect on virus replication of another type 2 strain ([@bib0740]). In the latter case the amino acid introduced for N34 also influenced the growth properties of recombinant virus particles.

In summary, the effects of N-glycosylation of Gp5 can hardly be generalized; there seems to be a certain flexibility in the number and position of glycans. Although not specifically addressed experimentally in any of the studies, it is likely that the co-translational attachment of carbohydrates affects folding of the polypeptide chain. Improperly folded proteins may not associate with M and/or will not pass the quality control system of the ER and will thus be degraded and cannot contribute to formation of virus particles. This is particularly relevant for the conserved glycosylation sites. Conversely, a minor fraction of Gp5 molecules may fold into the "right" conformation even in the absence of a given glycosylation site, as protein folding is a stochastic (probability-driven) process.

Besides its effect on protein folding, glycosylation is also supposed to affect the antigenicity of Gp5. This is generally referred to as "glycan shielding" as the presence of glycans appears to reduce the capacity of antibodies to neutralize PRRSV. Indeed, recombinant viral mutants with deleted glycosylation sites at N34, N51 and N34 + 51 exhibited enhanced sensitivity to neutralization by antibodies that had been raised against wild type PRRSV. In addition, these viruses also elicited a stronger neutralizing antibody response in infected piglets compared to wild type virus ([@bib0740]). Likewise, a type 2 PRRSV field isolate lacking the conserved glycosylation site N51 in Gp5 (and also one glycosylation site in Gp3) raised a stronger antibody response than wild type ([@bib0730]). In another study, antibodies to the neutralization epitope were generated more rapidly when pigs were infected with a strain lacking the variable glycosylation sites. Conversely, there was no enhanced neutralization upon infection with a strain that lacks the glycosylation site N44, which is situated at the edge of the neutralization epitope ([@bib0195]).

It is easy to imagine that a bulky carbohydrate influences the accessibility of an adjacent epitope and thus prevents binding of a specific antibody by steric hindrance. However, to reduce the amount of antibodies elicited in infected pigs, some of the earlier steps in the humoral immune response (i.e. the activation of B cells) must be hindered by glycosylation of Gp5. According to current text book knowledge, this is assumed to occur by binding of the B cell receptor (membrane-bound IgM) to Gp5 present in virus particles or on cellular debris, followed by endocytosis of the complex, proteolysis of Gp5 and subsequent presentation of Gp5-derived peptides by MHC class II molecules to T helper cells. Since generation of peptides occurs in lysosomes, which also contain glycosidases, MHC-presentation of antigen seems unlikely to be affected by glycosylation of Gp5. However, the initial step, recognition of Gp5 by IgM present on the surface of B cells, resembles an antibody--antigen reaction and may thus be affected by glycan shielding.

### 2.1.4. Disulphide bond formation between Gp5 and M {#sec0050}

As discussed above, Gp5 of EAV forms a disulphide linkage with cysteine 8 in the M protein, an essential modification required for viral infectivity ([@bib0605]). In order to identify the counterpart in Gp5, the five cysteine residues present in its ectodomain were exchanged in a full-length EAV clone, but infectious virus could not be rescued. However, the isolation of a pseudorevertant containing a large deletion and only a single cysteine residue in Gp5 allowed for the identification of cysteine 34 as the binding partner of M. The deleterious effect of replacing the other cysteine residues (at positions 57, 63, 66, and 80) may be explained by prevention of essential intramolecular disulphide bridges between these residues ([@bib0605]). It is also noteworthy that Gp5 of EAV tolerates a deletion of 19 amino acids including the single glycosylation site in its ectodomain; the resultant virus showed only reduced growth rates. A disulphide linkage between Gp5 and M is also essential for the infectivity of lactate dehydrogenase virus ([@bib0190]), but whether it exists in the respective glycoproteins of PRRSV has not been investigated so far.

In order to verify disulphide bond formation between Gp5 and M of PRSSV, we coexpressed Gp5 (fused at its C-terminus to a His-tag) and M (equipped with a C-terminal HA-tag) with a baculovirus system in insect cells. Western blotting after reducing SDS-PAGE revealed a single band for both Gp5-His and M-HA with the predicted molecular weight of ∼27 kDa and ∼20 kDa, respectively. After non-reducing SDS-PAGE an additional, hence disulphide-linked band of higher molecular weight (∼40 kDa) appeared ([Fig. 4](#fig0020){ref-type="fig"} A). To confirm that residue 48, the only cysteine present in the ectodomain of Gp5 after cleavage of the signal peptide, forms the disulphide bond with the M protein, it was replaced by serine. When the Gp5 C48S mutant was co-expressed with M, no band at around 40 kDa was observed under non-reducing conditions, regardless of whether the blot was probed with anti-HA or anti-M antibodies ([Fig. 4](#fig0020){ref-type="fig"}B).Fig. 4Cysteine 48 of PRRSV-Gp5 forms a disulphide bond with the M protein. Full-length genes of Gp5 from PRRSV VR-2332 (fused via the linker GS to a 7×His-tag) and M (fused via the same linker to the HA-tag) were co-expressed with baculovirus in insect cells as described ([@bib0665]). Cells were lysed with reducing (+DTT) or non-reducing (−DTT) SDS-PAGE buffer, followed by SDS-PAGE (equal amounts were applied) and Western blot with anti-HA and anti-His antibodies, respectively. The numbers left to each blot indicate the mobility of molecular weight markers in kDa. Mock indicates that cells were infected with non-recombinant Baculovirus. (A) Western blot of cells expressing Gp5-His wt and M-HA. (B) Western blot of cells expressing Gp5-His C48S with M-HA.

### 2.1.5. Function of Gp5/M {#sec0055}

The prime function of the Gp5/M complex for the viral life cycle is that it is required for budding of virus particles. Circumstantial evidence for this stems from the finding that no virus particles are released when the expression of either Gp5 or M from a full-length genome of PRRSV or EAV is prevented ([@bib0785], [@bib0800]). In addition, it was reported that upon co-expression of Gp5 and M with a baculovirus expression system, virus-like particles (VLPs, vesicles with the same density and appearance as complete virus particles) containing Gp5 and M are released from cells ([@bib0465]). This suggests that the Gp5/M complex is the driving force for the generation of membrane curvature in order to create a bud.

The molecular mechanism of arterivirus budding is largely unexplored. The assembly and budding process of an enveloped virus can be generally divided into several steps or tasks, each of which must be executed by a viral (or cellular) protein ([@bib0655]). As the first step, the membrane from which the virus is supposed to bud must be defined, and the components of the prospective virus particle must be transported specifically to the budding site. Since Gp5 and M appear to be the driving force for budding, it is likely that they also define the budding site. This is probably achieved by unidentified ***retention or retrieval signals*** that retain the protein in intracellular membranes, the ERGIC and/or cis-Golgi.

Further, it needs to be ensured that all the essential components of the virus are incorporated into the virion, in particular the viral genome. Interestingly, the structure of the C-terminal domain of the N protein reveals an MHC-like fold, suggesting that it might bind short peptide motifs ([@bib0145]). One might speculate that the long cytoplasmic tails of M and/or Gp5 bind to the MHC-like domain of N (complexed to the viral RNA), thereby recruiting the viral genome to the viral budding site. Such an interaction may be transient. The Gp5/M complex may not be sufficient for budding; it is conceivable that the nucleocapsid is required at least for initiation of budding. Such a mechanism would ensure that the viral genome is contained in the virion. In infected cells, the N protein has been observed to form protein tubules, intertwined with the replication complex membranes ([@bib0335], [@bib0735]); these tubules might extend towards the virus assembly/budding site. There may even be a connection between the membrane rearrangements that induce the formation of double-membrane vesicles (replication complexes) and virion assembly, involving for instance the N protein or nsp2, recently discovered to be contained in mature virions ([@bib0295]).

Although the Gp2/3/4 complex and the E protein are apparently not required for budding of VLPs, these proteins must be also integrated into particles in order to get an infectious virus. Targeting to the budding site might be achieved by intrinsic, but unidentified sorting signals present in Gp2, Gp3 and/or Gp4, but how the viral spike is enriched in viral particles is completely unknown.

After assembly of all components, the budding process itself needs a protein which physically drives membrane curvature. In principle, membrane bending can be achieved by variety of different, but not mutually exclusive mechanisms: by (1) a scaffolding mechanism, using either a rigid protein with intrinsic curvature ("banana-shaped") or a coat protein that polymerizes at the surface of or within the membrane, by (2) wedge-like insertion of an amphiphilic helix into one bilayer of the membrane in order to create membrane curvature, or (3) by a crowding mechanism exerted by a "mushroom-shaped" protein, for example a viral spike with a bulky ectodomain and a short cytoplasmic tail ([@bib0140], [@bib0845]). The latter mechanism seems unlikely to work for arteriviruses since the ectodomains of the viral glycoproteins are only small. Furthermore, arteriviruses do not possess a cytosolic matrix protein that polymerizes at the assembly site to induce bud formation, as has been described for several negative-strand RNA viruses ([@bib0225]). However, the Gp5/M dimer might form higher-order oligomers, possibly induced by interactions between the membrane-embedded domains of both proteins. This is reminiscent of a mechanism proposed for the budding of caveolae ([@bib0035]) and the formation of the highly curved edges of ER tubules ([@bib0270]). The proteins involved (caveolin and reticulons/DP1, respectively) have two membrane segments with a hairpin-like topology, similar to what was considered above for parts of the hydrophobic region of Gp5 (see [Fig. 3](#fig0015){ref-type="fig"}). The hairpin can be regarded as a wedge-like structure that displaces the lipids preferentially in one leaflet of the lipid bilayer, thus causing local curvature.

Formation of a bud is often not sufficient for release of virus particles. Budding may also require cellular factors, such as the ESCRT complex (endosomal sorting complexes required for transport). In the cellular context, this reversibly assembled multisubunit particle is involved in sorting of proteins into vesicles that bud into the lumen of endosomes, thereby forming multivesicular bodies. Some viral proteins recruit parts of the ESCRT complex by so-called "late domains" (short peptide motifs such as PTAP or YPDL) and target them to the viral budding site to cause scission of assembled particles (for review, see [@bib0725]). However, the ESCRT complex is not hijacked by every virus for efficient budding. Influenza virus, for instance, instead employs the viral protein M2 for virus particle scission. M2 is located at the edge of the viral budding site, and an amphiphilic helix inserts into the membrane to catalyze scission of virus particles ([@bib0580]). For arteriviruses, it has not been investigated whether an amphiphilic helix in one of its proteins mediates scission of virus particles, whether budding depends on ESCRT or whether any other cellular factor is required for budding.

In addition to the role of the Gp5/M complex for virus assembly and budding, the complex is believed to be involved in virus entry. Gp5/M appears to mediate the initial interactions of PRRSV with two cell entry mediators, heparane sulphate glycosaminoglycans and sialoadhesin/CD169 ([@bib0680]; see Section [1](#sec0005){ref-type="sec"}). Further research is needed to address the issue whether the Gp5/M complex is essential for cell entry of PRRSV. As neutralizing antibodies usually inhibit virus entry, it is important to identify the essential cell receptors and especially their ligand on the viral surface.

2.2. ORF5a protein {#sec0060}
------------------

The amino acid length of the ORF5a protein varies from 43 to 51 in PRRSV and from 47 to 64 in the other arteriviruses. The predicted molecular mass of the ORF5a protein is 5--6 kDa, but it migrates in SDS-PAGE at approximately 10 kDa. The protein is predicted to have a ***type III*** membrane topology, i.e. a central hydrophobic transmembrane region that may function as signal peptide, a short N-terminal ER-luminal ectodomain (5--12 aa) without any glycosylation sequon and a long (14--31 aa) C-terminal endodomain ([@bib0215], [@bib0280]) (see [Fig. 5](#fig0025){ref-type="fig"} ). The length of the endodomain could be extended to 63 amino acids by inactivation of putative stop-codons ([@bib0645]). There is very little amino acid conservation between ORF5a proteins from arteriviruses except for the sequence MF at the N-terminus and an arginine-/glutamine-rich sequence in the endodomain, penultimate to the predicted transmembrane region. Interestingly, the conserved RQ-motif of the ORF5a protein, which is weakly pronounced in EAV, is encoded by the same RNA sequence that encodes the hypervariable glycosylation-rich ectodomain region of Gp5 ([@bib0215], [@bib0280]). Thus, the genome of PRRSV has to maintain the (probably essential) RQ-motif in ORF5a while at the same time allowing flexibility in the hypervariable region of Gp5 ([@bib0570]).Fig. 5Scheme of the ORF5a and E protein. RQ denotes the presence of an arginine-/glutamine-rich sequence in ORF5a. The zigzag line denotes the attachment of myristate to the N-terminus of E.

The ORF5a protein is essential for replication of type 1 and 2 PRRSV strains, whereas recombinant EAV lacking the ORF5a protein could be generated, but were greatly compromised in growth ([@bib0215], [@bib0645]). The function of the ORF5a protein is unknown, but it was suggested to be involved in RNA-binding, similar to cellular proteins containing an RQ-motif ([@bib0280]). The ORF5a protein, both during a natural infection and after immunization with ORF5a protein, elicits a specific antibody response. However, the antibodies produced are neither neutralizing nor do they protect against infection in challenge experiments ([@bib0575]).

2.3. E protein {#sec0065}
--------------

### 2.3.1. Structure, topology, processing and intracellular transport {#sec0070}

The E protein, encoded by ORF2a in the genome of EAV and by ORF2b in PRRSV, was identified as a component of arterivirus particles ([@bib0620], [@bib0815]). It is a small protein (8 kDa, 69--73 amino acids) composed of three domains (see [Fig. 5](#fig0025){ref-type="fig"}): an N-terminal domain (∼25 amino acids) predicted not to be a signal peptide, a hydrophobic transmembrane region (∼20 amino acids), and a hydrophilic, polybasic C-terminal domain (∼25 amino acids) ([@bib0620]). Fluorescence protease protection assays indicate that the hydrophobic domain spans the membrane once; the C-terminus of the E protein is oriented towards the lumen of the ER (and is hence present on the surface of virus particles), whereas the N-terminus is cytosolic (and hence inside virus particles) ([@bib0410], [@bib0835]). Cross-linking experiments have shown that E forms homo-oligomers, which are not covalently linked by disulphide bonds ([@bib0360]). In accordance, conserved cysteine residues present in the C-terminal (luminal) domain of E are not essential for viral replication, indicating that they play no structural role ([@bib0355]). However, the exact stoichiometry of the homo-oligomers (i.e. whether E forms dimers, trimers, tetramers or higher-order oligomers) needs to be defined.

Immunoelectron microscopy demonstrated staining of ER and Golgi membranes with E-specific antibodies, and E co-localizes with fluorescent markers of the ER and of various regions of the Golgi (mainly with the ERGIC and with cis-Golgi stacks) in confocal microscopy, both in transfected and in infected cells ([@bib0360], [@bib0620], [@bib0660]). Transport of E to the plasma membrane has never been observed, indicating that E is retained inside cells, but none of the known retention or retrieval signals are present in the amino acid sequence of E. Using a variety of truncated E constructs fused to GFP, it was concluded that amino acids 1--15, 23--50 and 50--73 may be ER localization sequences ([@bib0835]). However, it remains to be shown whether these artificial constructs are representative for the authentic E protein.

The only known covalent modification of E is the co-translational attachment of the fatty acid myristate (C14:0) to the N-terminal glycine residue ([@bib0170], [@bib0660]). The myristoylation signal (MGXXXS/T, the initiator methionine is cleaved prior to myristoylation) is strictly conserved in all arteriviruses ([@bib0620], [@bib0660]). The hydrophobic modification is not essential for initial targeting and anchoring of E to intracellular membranes, which implies that both functions are likely performed by the central hydrophobic domain of the molecule ([@bib0660]). The observation that the total release of particles is not affected in viral mutants with non-myristoylated E suggests that E myristoylation is not required for budding of virus particles and more likely has a function during virus entry ([@bib0170], [@bib0660]).

Myristoylation of E is not essential for virus replication, but contributes significantly to virus infectivity. The presence of a myristoylation inhibitor during virus replication completely blocked E acylation and reduced virus titres by 1--2 log~10~. Similarly, mutant EAV and PRRSV with non-myristoylatable E grew to a titre that was 10--100 fold lower than that of the wild type virus and exhibited a reduced plaque size ([@bib0170], [@bib0660]).

### 2.3.2. Function of E {#sec0075}

Reverse genetic experiments revealed that cells release virus-like particles (consisting of RNA and the Gp5, M and N proteins) when the expression of the E protein is prevented in the context of the full-length genome of EAV ([@bib0785]). Thus, E is not essential for assembly and budding of VLPs. Yet, E is essential for the production of infectious viruses as the inactivation of E expression prevents incorporation of the Gp2/3/4 complex into VLPs. In the absence of the Gp2/3/4 complex, the amount of E present in VLPs is greatly (60--80%) reduced ([@bib0785], [@bib0800]). Thus, the E protein and the Gp2/3/4 complex appear to interact structurally (forming a physical complex) or at least functionally during virus assembly.

The E protein of PRRSV was proposed to exert an ion channel-like activity, possibly allowing uncoating of the viral genome in the acidic pH of the endosome ([@bib0360]). Since cell entry of both PRRSV and EAV requires clathrin-dependent virus uptake and exposure to a low-pH compartment ([@bib0340], [@bib0470], [@bib0480]), such a function of E is conceivable. In addition, the structure of E (small, hydrophobic and oligomeric transmembrane protein) resembles the structure of better characterized viroporins, such as M2 of influenza virus ([@bib0540]).

The claim which speaks in favour of an ion-channel function of E is based on two lines of evidence: Replication of PRRSV is blocked by amantadine, a well-known inhibitor of the influenza virus M2 channel, and *Escherichia coli* cells expressing the E protein become susceptible to a (membrane-impermeable) inhibitor of protein synthesis, suggesting that E has an effect on the membrane permeability ([@bib0360]). However, amantadine is a very selective drug; it only inhibits the M2 proton channel of just some influenza A strains ([@bib0540]). Furthermore, the proton conductance of M2 depends on the presence of the strictly conserved sequence motif HXXXW, which is the only sequence element shared between M2 from influenza A virus and BM2 of influenza B virus ([@bib0530]). However, this motif is not present in the transmembrane region of E from EAV or PRRSV.

An alternative explanation for the observed effect of amantadine might be that the compound, which is a weak base, raises the pH in the endosome, thereby preventing low-pH triggered membrane fusion and hence virus entry, similar to the other drugs used in the same study (ammonium chloride, chloroquine; [@bib0360]). The effect of E on the membrane permeability of *E. coli* might be due to a general toxic effect exerted by overexpression of a hydrophobic protein. Furthermore, it is not known whether E integrates into the membrane of *E. coli* cells in a similar orientation and oligomerization status as in virus particles; this is rather unlikely considering the vast difference in membrane-targeting signals between bacteria and higher cells.

Thus, more sophisticated experiments are required to prove that E is indeed a proton channel. For the M2 protein of influenza virus, the proton channel activity was convincingly demonstrated by expression of the protein at the plasma membrane of *Xenopus* oocytes and subsequent electrophysiological recordings ([@bib0535]). Our attempts to pursue a similar approach for E, fused at its C-terminus to YFP, were unsuccessful as the protein could not be detected at the cell surface of transfected oocytes, which precluded any measurements (M.V. and Thomas Friedrich, Technical University Berlin, unpublished). Thus, new approaches, such as reconstitution of purified E into artificial membranes, are required to test the assumption that E functions as an ion channel.

2.4. The Gp2/3/4 complex {#sec0080}
------------------------

The minor glycoprotein complex of arteriviruses (Gp2/3/4) is believed to be formed by late association of Gp3 with a preformed Gp2/4 dimer ([@bib0780]). Therefore, we will first describe the processing of Gp2/4 and then describe and discuss the unique processing scheme of Gp3.

### 2.4.1. Gp2/4 {#sec0085}

#### 2.4.1.1. Membrane topology of Gp2 and Gp4 {#sec0090}

**Gp2** is also termed Gp2b in EAV, but Gp2a in PRRSV due to the organization of the genes on the respective genomes; in early publications, Gp2 is referred to as G~S~ (S for small). The protein is composed of 227 amino acids in EAV and 249 in PRRSV. It contains an N-terminal signal peptide, a large ectodomain (∼150 amino acids in EAV, ∼170 amino acids in PRRSV), one hydrophobic transmembrane region (∼25 amino acids in PRRSV, 30 amino acids in EAV, but containing a negatively charged glutamic acid) and a short cytoplasmic tail (∼20 residues in PRRSV, ∼30 in EAV) ([@bib0130]) (see [Fig. 6](#fig0030){ref-type="fig"} ).Fig. 6Scheme of the Gp2/3/4 complex of EAV. Cysteine residues within the ectodomains are indicated as stars and used glycosylation sites with branches. The red triangle indicates the probably unused glycosylation site NPT in Gp4. S---S indicates a disulphide bond between cysteine 102 of Gp2 and an unidentified cysteine in Gp4. Gp2 contains also an intramolecular disulphide bond between cysteines 48 and 137. One of the seven cysteines in Gp3 is linked via a disulphide bond with Gp4. TMR: transmembrane regions; HR: hydrophobic region.

**Gp4** is composed of 152 amino acids in EAV and 178 in PRRSV. It contains an N-terminal signal peptide, an ectodomain (∼100 amino acids in EAV, ∼130 amino acids in PRRSV), one short hydrophobic transmembrane region (only 15 amino acids in EAV and 17 amino acids in PRRSV if positively charged arginines are excluded) and no (PRRSV) or a very short (EAV, 11 amino acids) cytoplasmic tail. One report claims that the short transmembrane region of PRRSV-Gp4 may serve as a signal sequence for replacement by a glycosylphosphatidylinositol (GPI) anchor, which would result in peripheral membrane attachment of Gp4 rather than transmembrane anchorage. In that study the TMR of a glycolipid-anchored protein was replaced by the TMR of Gp4 and the resulting construct could be released from transfected cells by phosphatidylinositol-specific phospholipase C (PI-PLC), a characteristic hallmark for a GPI-anchored protein ([@bib0165]). However, it was neither demonstrated that native Gp4 can be released by PI-PLC nor that it contains a GPI-anchor, and thus this notion is not widely accepted.

#### 2.4.1.2. Signal peptide cleavage from Gp2 and Gp4 {#sec0095}

Using in vitro translation in the presence of microsomes, it was demonstrated that the signal peptide is cleaved from both Gp2 and Gp4 of EAV ([@bib0120], [@bib0775]). In order to identify the signal peptide cleavage sites by mass spectrometry, we co-expressed the ectodomains of both proteins, C-terminally fused to either a HA-tag (Gp2-HA) or a Strep-tag (Gp4-strep) with a baculovirus expression system in insect cells. Gp2-HA was co-purified from the supernatant of infected insect cells with Gp4-strep using a Strep-tactin column ([Fig. 7](#fig0035){ref-type="fig"}A). From this result, we conclude that both proteins were secreted as a disulphide-linked complex. Following digestion of glycans with PNGase F and SDS-PAGE, protein bands corresponding in size to deglycosylated Gp2 and Gp4 were excised from the gel and digested with either elastase or chymotrypsin. The resulting peptides were eluted from the gel slices and subjected to liquid chromatography--tandem mass spectrometry (LC--MS/MS). Processed Gp2 and Gp4 were identified with high confidence in all samples as these proteins were the first hits in the MASCOT search, where mass spectrometric fragments are matched with database entries to determine protein identity. No peptides corresponding in mass to the N-terminal (signal peptide) region were detected for both proteins. This implies that the signal peptide was completely cleaved from both Gp2 and Gp4. In the Gp4 samples, digested with elastase, various peptides starting with threonine 22 were identified ([Fig. 7](#fig0035){ref-type="fig"}C). As this is not a cleavage site for elastase, the result indicates that Gp4 was cleaved after cysteine 21 by signal peptidase (LPCCWC↓TFYPCH). The most N-terminal peptides detected in chymotrypsin-digested Gp2 samples started with arginine 32, which is preceded by two tryptophan residues in the amino acid sequence ([Fig. 7](#fig0035){ref-type="fig"}B). Since tryptophan is a chymotrypsin cleavage site, the two residues were most probably removed from the mature Gp4 protein during sample preparation. This suggests that signal peptide cleavage occurred after alanine 29 (GSLLPSAAA↓WWRGVHEVRV). Results from digestion of Gp2 with elastase and Gp4 with chymotrypsin (not shown) are consistent with the conclusion that Gp4 is cleaved after alanine 29 and Gp2 after cysteine 21. No evidence was found for alternative signal peptide cleavage sites such as L24 (GSLL↓PSAA...), predicted in an older report ([@bib0125]). Thus, the signal peptide is cleaved from both Gp2 and Gp4 at a single site and, since the proteins are secreted from cells after removal of the C-terminal hydrophobic region, both Gp2 and Gp4 are typical type I transmembrane proteins, which corroborates earlier investigations ([@bib0120], [@bib0775]).Fig. 7Identification of the signal peptide cleavage sites of recombinant Gp2 and Gp4 by mass spectrometry. (A) The ectodomains of Gp2 from EAV Bucyrus strain (amino acids 1--177 fused to a His-tag) and Gp4 (amino acids 1--120 fused to a Strep-tag) were co-expressed in *Sf*9 insect cells by infection with recombinant baculovirus prepared as described ([@bib0665]). Gp2-Gp4 complexes were enriched from the cell culture supernatants using a Strep-tactin superflow column (Qiagen). The eluted proteins were digested with PNGase F and subjected to reducing SDS-PAGE and Coomassie staining. One band with the size of deglycosylated Gp2-HA and a double band for Gp4-strep (black boxes) were excised from the gel, digested with chymotrypsin or elastase and analysed by LC--MS/MS as described ([@bib0665]). The left lane shows the purified proteins prior to PNGase F digestion. In both cases peptides corresponding to Gp2 and Gp4, respectively, were the predominant peaks in the MS spectra. (B) Illustrative result from mass spectrometry of Gp2. The first 51 residues of Gp2-HA are shown with the predicted chymotrypsin cleavage sites marked with black lines and the signal peptide cleavage site indicated by an arrow and scissors. Chymotryptic peptides that were identified are denoted as black bars. (C) Illustrative result from mass spectrometry of Gp4. The first 41 residues of Gp4 are shown with the predicted elastase cleavage sites marked with black lines and the signal peptide cleavage site indicated by an arrow and scissors. Identified peptides resulting from digestion with elastase are denoted as black bars.

#### 2.4.1.3. Glycosylation of Gp2 and Gp4 {#sec0100}

Gp2 proteins of many (but not all) PRRSV strains have two glycosylation sites, N178 and N184, which are located ∼25 amino acids away from the transmembrane region. Gp2 of EAV has just one glycosylation site, located in the same region of the protein. Gp4 proteins of PRRSV have four conserved glycosylation sites, which are distributed over the whole length of the sequence (N37, N84, N120, N130 in VR-2332). All the described glycosylation sites are occupied with carbohydrates, which are usually Endo-H sensitive in infected cells, but are processed to an Endo-H resistant form in virus particles ([@bib0105], [@bib0130]).

Gp4 of EAV also contains four glycosylation sequons (the potential glycosylation sites being N33, N55, N65 and N90). To analyse whether all of them are used, we expressed Gp4 fused at its C-terminus to yellow fluorescent protein (YFP) in CHO cells and digested the \[^35^S\]-methionine-labelled and immunoprecipitated protein with Endo H prior to SDS-PAGE ([Fig. 8](#fig0040){ref-type="fig"} ). Stepwise reduction of the amount of the glycosidase yielded a ladder-like band appearance that allowed counting of four bands. Since the lower band is completely deglycosylated, one can conclude that Gp4 contains three carbohydrates. Thus, one potential glycosylation site is not used in Gp4. This is most likely N65, which is part of the sequon NPT. Such a sequon is very rarely recognized by the glycosyltransferase ([@bib0290]) as the proline typically prevents glycosylation ([@bib0230]).Fig. 8Number of carbohydrates attached to Gp4 of EAV. Gp4-YFP, labelled for 2 h with \[^35^S\]-methionine/cysteine in transfected CHO cells, was immunoprecipitated with anti-GFP antibodies from cell lysates and digested with serial twofold dilutions of Endo H prior to SDS-PAGE and fluorography as described ([@bib0410]). The arrows indicate the number of carbohydrates that have remained on the protein bands.

Various studies have analysed the role of individual glycosylation sites for replication of PRRSV and antigenicity of Gp2 and Gp4. For Gp2, it was reported that none of the two sites affected efficient replication of recombinant viruses ([@bib0745], [@bib0795]); in another study, N184 was critical for recovery of virus, whereas N178 had no effect ([@bib0105]). For Gp4 it was found that mutation of individual sequons does not affect virus replication, but double, triple or quadruple mutants of the glycosylation sites are lethal for virus production. None of the viable Gp2 or Gp4 mutants was more sensitive to antibody neutralization or elicited higher titres of neutralizing antibodies after infection of piglets ([@bib0105], [@bib0745], [@bib0795]). Thus, a glycan shielding effect of antibody epitopes, as observed for Gp5, appears not to occur in Gp2 and Gp4.

#### 2.4.1.4. Disulphide bond formation in Gp2 and Gp4 {#sec0105}

Disulphide bonds play an essential role during processing of the Gp2/4 complex as demonstrated in detailed studies with EAV. Gp2 contains three cysteine residues in its ectodomain, located at positions 48, 102 and 137. Non-reducing SDS-PAGE showed that Gp2 runs as several monomeric bands which are likely to be conformational variants ([@bib0130]). Mutation of individual residues revealed that cysteine 48 forms an intramolecular bond with cysteine 137, whereas cysteine 102 links Gp2 with Gp4. Incorporation of Gp2 into virus particles is reduced to 10--20% upon mutation of one of the cysteine residues. This suggests that transport of the Gp2/4 complex to the viral budding site is rendered inefficient or retarded by mutating the cysteines, probably due to a folding defect. The viruses that are produced are greatly impaired in replication (C48S, C137S) or are completely non-infectious (C102S). Thus, the disulphide linkage between Gp2 and Gp4 is essential for infectivity of EAV, whereas the intramolecular bond in Gp2 is required for efficient replication ([@bib0770]).

After cleavage of the signal peptide between C21 and T22 (see Section [2.4.1.2](#sec0095){ref-type="sec"}), three cysteine residues remain in the ectodomain of EAV-Gp4, located at positions 26, 50 and 77. One of these cysteines must link Gp4 to cysteine 102 in Gp2; one or potentially two other cysteines form a disulphide bond with Gp3 in virus particles (see Section [2.4.3](#sec0130){ref-type="sec"}). In order to assess the relevance of each cysteine in Gp4 for virus replication, we exchanged them individually to serine in an infectious clone of the Bucyrus strain of EAV. Only in the case of the mutation C50S could infectious virus be rescued, indicating that C26 and C77 are essential for virus infectivity. The virus with the Gp4 mutation C50S produced only tiny plaques ([Fig. 9](#fig0045){ref-type="fig"} ) and grew to very low titres (5 × 10^2^  PFU/ml), which precluded further analysis by biochemical means. Thus, similarly to Gp2, the cysteines in Gp4 are either essential for infectivity (C26, C77) or required for efficient virus replication (C50). All of them are thus likely to play a crucial structural role in the Gp2/3/4 complex.Fig. 9Gp4 cysteine mutants, virus rescue and plaque morphology. (A) BHK cells were nucleoporated with RNA, in vitro synthesized from pEAV211wt and the respective Gp4 mutants as described ([@bib0660]). Immunofluorescence with anti-N antibody performed 16 h after nucleoporation showed that cells express newly synthesized N protein, i.e. they were successfully transfected. (B) The supernatants of transfected cells were collected 3 days after nucleoporation and analysed with a plaque test. No infectious virus could be detected for virus with the Gp4 mutations C26S and C77S, and plaques obtained for virus with the Gp4 mutation C50S were much smaller compared to wild type virus.

#### 2.4.1.5. Neutralizing antibody epitopes in Gp4 {#sec0110}

The ectodomain of Gp4 may be a relevant antibody target. In Gp4 of the PRRSV strain Lelystad, a linear epitope was identified using a panel of monoclonal antibodies generated in mice. This epitope comprises amino acids 59--67, which are located in a highly variable region of Gp4. In accordance, the monoclonal antibodies neutralize the infectivity of the Lelystad strain, but do not react with Gp4 from the American genotype strain VR-2332 ([@bib0440]). A later study revealed that naïve pigs produce antibodies against this epitope 2--3 weeks after experimental infection, even if virus strains with large amino acid differences in this region are used for infection. These antibodies reduce replication of homologous, but not heterologous virus strains in PAMs ([@bib0700]). Finally, antibody-escape mutants isolated from pigs contained single amino acid substitutions in this epitope and acquired resistance against neutralization by a Gp4-specific monoclonal antibody. However, other antibody-escape mutant variants did not contain amino acid substitutions in the epitope of Gp4, which implies that further neutralizing epitopes might exist in membrane proteins of PRRSV ([@bib0090]). Since the neutralizing epitope of Gp4 is highly variable, this part of the molecule is unlikely to be crucial for its function during cell entry. One can speculate that it forms a loop on the surface of the viral spike, similar to the antibody binding sites in influenza virus haemagglutinin ([@bib0790]).

### 2.4.2. Gp3 {#sec0115}

The Gp3 gene encodes 163 amino acids in EAV, but the protein is much larger (265 amino acids) in PRRSV. Gp3 consists of an N-terminal signal peptide, an ectodomain containing six (EAV) or seven (PRRSV) potential N-glycosylation sites, a hydrophobic region and a very short (EAV) or longer (PRRSV) hydrophilic domain.

#### 2.4.2.1. Signal peptide cleavage and membrane topology {#sec0120}

In vitro translation experiments in the presence of microsomes showed that the N-terminal signal peptide is not cleaved from Gp3, indicating that it might function as a signal anchor ([@bib0200], [@bib0260], [@bib0775]). Based on these results, two different topologies were proposed for Gp3, either a type II topology with an N-terminal membrane anchor and a C-terminal ectodomain or, if the hydrophobic C-terminus also spans the membrane, a hairpin structure with two transmembrane regions.

Surprisingly, the bioinformatics tool SignalP 4.0 predicts signal peptide cleavage from Gp3 with high probability. However, SignalP does not take into account possible protein modifications that may affect cleavage. There is an overlapping sequon NNTT adjacent to the signal peptide in Gp3 of EAV, which we have shown to be efficiently N-glycosylated at both asparagines ([@bib0410]). This is a unique observation in glycobiology, since only one asparagine per molecule is usually used in overlapping sequons ([@bib0300]). The signal peptide is retained in the mature protein. However, the signal peptide of Gp3 is cleaved upon deletion of both (but not one) glycosylation sites of the overlapping sequon or when glycosylation is inhibited pharmacologically. This indicates that co-translational attachment of carbohydrates prevents access of the signal peptidase to the cleavage site of Gp3 ([@bib0410]). An identical result was obtained when the overlapping sequon was exchanged in the context of the viral genome ([@bib0415]).

Since glycosylation usually does not occur close to membrane-spanning segments ([@bib0475]), we analysed the topology of Gp3. Membrane fractionation and secretion experiments revealed that the signal peptide does not act as a membrane anchor, suggesting that it is completely translocated into the lumen of the ER. Membrane attachment is caused by the hydrophobic C-terminus of Gp3, which however does not span the membrane, but rather attaches the protein peripherally to the membrane ([Fig. 6](#fig0030){ref-type="fig"}; [@bib0410]).

This conclusion is supported by investigations with recombinant viruses with disabled glycosylation sites. When the signal peptide of Gp3 is cleaved (upon mutation of the overlapping sequon), the infectivity of the recombinant EAV is not impaired, and Gp3 with cleaved signal peptide associates with Gp2/4 in virus particles. In contrast, viruses containing Gp3 with deleted hydrophobic C-terminus rapidly reverted back to wild type ([@bib0415]).

Shielding of the signal peptide cleavage site by glycosylation may be a feature common to all arteriviruses: Gp3 proteins from other arteriviruses contain at least one glycosylation site near the signal peptide ([Table 5](#tbl0025){ref-type="table"} ), which is also predicted to be cleaved by bioinformatics analyses.Table 5Gp3 proteins from arteriviruses contain at least one glycosylation site near the signal peptide, which is predicted to be cleaved by bioinformatic analyses.[^6]

In PRRSV, there is a remarkable difference in the biophysical properties of the C-terminus of Gp3: it is strongly hydrophilic in Lelystad virus, the prototype type 1 strain, but rather hydrophobic in type 2 strains and also the emerging virulent type 1-related strain Lena ([Fig. 10](#fig0050){ref-type="fig"} ). Variation in the C-terminus might affect the mode of membrane attachment of Gp3. It is conceivable that PRRSV-Gp3 is only weakly membrane-anchored in some strains. These differences might explain why incorporation of Gp3 into virus particles has been questioned and why a significant fraction of Gp3 molecules is secreted from transfected cells ([@bib0400]). It is tempting to speculate that a secreted Gp3 protein acts as a "decoy" that "distracts" antibodies from virus particles. Indeed, antibodies against various regions of the Gp3 protein were elicited in the majority of experimentally infected piglets, and most of them had no or only little neutralizing activity ([@bib0115], [@bib0505], [@bib0500], [@bib0705]).Fig. 10Kyte--Doolittle hydropathy plots for Gp3 from the indicated PRRSV strains (Lelystad/Type 1, accession number [Q04567.1](ncbi-p:Q04567.1){#intr0005}; VR-2332/type 2 reference strain, accession number [AAD12127.1](ncbi-p:AAD12127.1){#intr0010}; HB-1/type 2-related Chinese variant, accession number [ABY66112.1](ncbi-p:ABY66112.1){#intr0015}; Lena/virulent type 1-related strain, accession number [ADZ45529.1](ncbi-p:ADZ45529.1){#intr0020}). Hydrophobicity (*y*-axis, windows size 15 amino acids) is plotted against the amino acid number (*x*-axis). Note that the overall pattern looks similar for all four Gp3 variants except for the C-terminus (red box): The C-terminus is strongly hydrophilic for Gp3 from Lelystad, but rather hydrophobic in the other variants.

The N-terminus of Gp3, but only from EAV, contains a potential myristoylation site (consensus sequence MGXXXS/T, [Table 5](#tbl0025){ref-type="table"}). Since the N-terminal signal peptide is retained in the mature protein, we asked whether Gp3 is myristoylated. We expressed Gp3 (fused at its C-terminus to YFP) in CHO cells and labelled the protein with \[^35^S\]-methionine and with \[^3^H\]-myristate, respectively, followed by immunoprecipitation, SDS-PAGE and fluorography. Whereas the E-protein of EAV, expressed and labelled in parallel, was clearly \[^3^H\]-myristoylated, no myristoylated band with the size of Gp3 was detected ([Fig. 11](#fig0055){ref-type="fig"} ). Gp3 was even not myristoylated when arginine at position 3 was changed to alanine, a mutation that greatly increases the confidence level with which myristoylation of Gp3 is predicted by a bioinformatics tool (<http://web.expasy.org/myristoylator/>). Thus, the N-terminus of Gp3 is probably shielded from the cytosolic N-myristoyltransferase by binding to the signal recognition particle (SRP), which associates with the signal peptide as soon as it emerges from the ribosome. In the case where myristoylation of an N-terminal signal peptide for a viral glycoprotein was reported (glycoprotein C of arena virus; [@bib0590]), the signal peptide is much longer (58 amino acids), giving the N-myristoyltransferase more time for interaction until the site for recognition by SRP emerges from the ribosome.Fig. 11Gp3 from EAV is not myristoylated. (A) N-terminal amino acid sequence of E and Gp3 from EAV. "Prediction" indicates the confidence level calculated by the "myristoylator"-tool. The score of the predictor is based on the average responses of 25 artificial neural networks. Values below 0.5 indicate that the majority of networks predict that the protein is not myristoylated. (B) CHO cells, expressing the indicated proteins, were labelled for 2 h with \[^35^S\]-methionine/cysteine and \[^3^H\]-myristate, respectively. The proteins were immunoprecipitated from cellular extracts with antibodies against GFP and subjected to SDS-PAGE and fluorography as described ([@bib0660]). Note that there are unspecific \[^35^S\]-methionine/cysteine labelled bands marked with an asterisk present in each lane running just below E-YFP.

#### 2.4.2.2. Glycosylation of Gp3 {#sec0125}

Gp3 is a highly glycosylated protein. In EAV, Gp3 contains six potential N-glycosylation sites (including the overlapping sequon), which are all used ([@bib0410]). Gp3 from PRRRSV contains seven potential N-glycosylation sites. Compared with EAV-Gp3, there is only one site adjacent to the signal peptide, but two additional sites in the C-terminal region. Except the last one (N195), which might by shielded by the adjacent hydrophobic region, all the sites contain carbohydrates ([@bib0105]).

Various studies have analysed the role of individual glycosylation sites for virus replication and antigenicity of PRRSV-Gp3. In one study, N42, N50 and N131 proved to be required for infectious particle formation in the infectious clone FL-12, whereas N29, N152 and N160 had little (if any) effect, virus growth was impaired only if these sites were exchanged simultaneously ([@bib0105]). In contrast, recombinant viruses could be generated with all Gp3 glycosylation mutants in another study, where only replacement of N42 and N50 resulted in reduced growth kinetics ([@bib0745]). No effect regarding reactivity with antisera or induction of neutralizing antibodies was seen for any of the viruses with hypoglycosylated Gp3 ([@bib0105], [@bib0745]). On the other hand, a field isolate lacking the glycosylation site N131 in Gp3 provoked a stronger neutralizing antibody response ([@bib0730]).

### 2.4.3. Disulphide linkage of Gp3 with Gp2/Gp4 {#sec0130}

The formation of the disulphide linkage between Gp3 and the Gp2/4 complex of EAV is a unique process: Unlike what has been described for any other viral or cellular protein, Gp3 is not linked to Gp2/4 in the lumen of the ER, where that process could be assisted by ***PDI*** and folding factors ([@bib0050], [@bib0495]), but only after release of virus particles from infected cells. Disulphide bond formation between Gp3 and Gp2/4 is assumed to be a spontaneous process, accelerated by physiological temperature, oxidizing conditions and slightly basic pH ([@bib0780]). Since two cysteine residues must be in very close vicinity to form a covalent bond, Gp3 is likely to be non-covalently associated with the Gp2/4 dimer already in budding virus particles ([@bib0780]). Accordingly, the minor glycoproteins can associate with each other independently of glycosylation and disulphide bonds, as demonstrated by refolding experiments with the ectodomains of these proteins purified from *E. coli* ([@bib0285]).

The cysteine residue(s) linking Gp3 to one (or two) of the available cysteines of Gp4 have not been identified. Gp3 of EAV contains nine cysteines, two of which are located in the (partly hydrophobic) C-terminus, three in the signal peptide and three within (NCS) or very close (NASCN and NTTIC) to used glycosylation sites. Glycosylation may shield the cysteines, but could also enhance their accessibility (by exposing the cysteine-containing amino acid stretch at the surface of the molecule).

For PRRSV, it has not been analysed whether Gp3 associates with the Gp2/4 dimer via a disulphide linkage. It was originally supposed that Gp3 of PRRSV and LDV is a non-structural protein ([@bib0200], [@bib0240]), and that Gp3 is secreted from infected cells. Yet, it has now been demonstrated for both genotypes 1 and 2 of PRRRSV that Gp3 is indeed a structural component of virus particles that may be covalently linked to Gp2/4 ([@bib0110], [@bib0435]).

### 2.4.4. Building the Gp2/3/4 spike {#sec0135}

In summary, the Gp2/3/4 spike is generated by a unique and highly complex process. First, intramolecular disulphide bonds are formed in Gp2 (and probably also in Gp4), which are rearranged until a properly folded product is achieved. This is followed by association of both proteins and stabilization of the resulting dimer by an intermolecular disulphide bond ([@bib0770]). Since Gp3 is capable to associate with Gp2/4 in virus particles and also with Gp2 and Gp4 in vitro ([@bib0285]), the question arises what prevents formation of the Gp2/3/4 trimer already in the ER and what triggers its build-up later on. One might speculate that a conformational rearrangement occurs in Gp2/4 and Gp3 after transport from the ER to the Golgi, which might be triggered by the different milieu present in the Golgi lumen. This may now result in closer interaction of Gp3 with Gp2/4 to bring the relevant cysteine(s) into close proximity. Since the lumen of the Golgi lacks PDI and is slightly acidic ([@bib0520]), disulphide bond formation does not occur here, but only after release of virus particles.

The E protein is likely to play a role in processing of Gp2/3/4 since it greatly facilitates incorporation of Gp2/3/4 into virus particles ([@bib0785]). This might be due to a direct physical interaction between E and Gp2/3/4, which has, however, not been demonstrated so far. Also, E might conduct protons (or other ions) to adjust the milieu of the lumen of ER or Golgi, which may regulate interactions between Gp2/4 and Gp3. A similar intracellular function has been reported for the proton channel M2 of influenza virus, which neutralizes the pH of the Golgi lumen to prevent an unwanted proton-driven conformational change of the viral spike haemagglutinin ([@bib0490]).

Recently, expression of each glycoprotein of PRRSV, either individually or in combination, combined with co-immunoprecipitation assays revealed a strong interaction of Gp5 with Gp4, which is required for the formation of a multiprotein complex containing also Gp2 and Gp3. Thus, Gp5 might help Gp2, Gp3 and Gp4 to fold in a suitable conformation. However, Gp5 was expressed in the absence of its natural binding partner, the M protein, and it is therefore not known whether such complexes would form in virus-infected cells ([@bib0100]).

Gp2, 3 and 4 need to be transported to the budding site for incorporation into virions. It is only poorly investigated which oligomerization status this requires. When Gp2, Gp3 and Gp4 of EAV are expressed together, all proteins remain Endo-H sensitive, indicating that they are not transported to and beyond the medial-Golgi ([@bib0780]). However, it has not been analysed whether oligomerization of the minor glycoproteins occurs under these conditions and whether a certain oligomer (e.g. the Gp2/4 dimer) is transported to the cis-Golgi and can thus pass the quality control system of the ER ([@bib0185]). For Gp2/3/4 of PRRSV it has been reported that only co-expression of the three proteins with E allows processing of the proteins into an Endo-H resistant form and partial transport to the plasma membrane. Whether E is actually required for transport of Gp2/3/4 was not determined since Gp2 and E are encoded by overlapping genes and were simultaneously expressed from the same vector in that study ([@bib0800]). Nevertheless, the results suggest that oligomer formation is the critical step for exit of Gp2/3/4 from the ER and further transport. It is totally unclear whether there is a motif in any of the minor glycoproteins that is relevant for subcellular targeting. Note that none of the known retention signals is present in any of the minor glycoproteins. A potential exception could be the transmembrane domain of Gp4, which is rather short, and the cytosolic C-terminus of EAV-Gp2 of EAV that ends with the sequence RRRKIL, reminiscent of the canonical ER retention signal KKXX. However, PRRSV-Gp2 does not contain an identical or similar sequence, and this region is not even conserved between PRRSV strains.

### 2.4.5. Creating protein diversity by competition between co-translational modifications? {#sec0140}

As soon as the nascent peptide chain emerges from the ***translocon*** into the lumen of the ER, it can be accessed by the oligosaccharyltransferase (OST) and signal peptidase, which both (but probably not simultaneously) associate with the translocon. Thus, these co-translational processes may affect each other if they compete for overlapping or neighbouring sites in a protein. It is striking that both Gp3 and Gp5 contain N-glycosylation sites in close proximity to the (predicted) signal peptide cleavage sites. This is a rather rare location for a sequon; from the ∼3000 mouse or human protein sequences from the GenBank database that are annotated to contain a signal peptide, only 1.7% possess an N-glycosylation site within five amino acids behind the signal peptide cleavage site ([@bib0410]).

In the case of Gp3 and Gp5, both modifications affect each other in a different manner. Attachment of a carbohydrate two residues downstream of the signal peptide cleavage site of Gp5 does not inhibit signal peptide processing. Even if an additional site is introduced, generating a double-glycosylated overlapping sequon, signal peptide cleavage is not affected ([@bib0665]). This is in accordance with results on cellular model proteins that also demonstrated that the signal peptide needs to be cleaved before a sequon four residues downstream of the cleavage site can be glycosylated efficiently ([@bib0070]). It was concluded that signal peptidase and OST act in a sequential and dependent manner with their substrate, i.e. signal peptide cleavage occurs first ([@bib0070]). In contrast, attachment of glycans to sequons two residues downstream of the predicted signal peptide cleavage site prevents cleavage in EAV-Gp3 ([@bib0410]). Thus, one can conclude for Gp3 that glycosylation must occur first to prevent signal peptide cleavage.

We speculate that it must be a subject of regulation whether signal peptidase or OST has privileged access to the growing polypeptide chain if they compete for neighbouring sites ([Fig. 12](#fig0060){ref-type="fig"} ). In the absence of regulation, i.e. if OST and signal peptidase had random access to neighbouring sites, a mixed protein population would be produced: a fraction of proteins would and the other would not contain the signal peptide. However, such heterogeneous protein processing has never been observed.Fig. 12Competition of signal peptidase (SPase) and oligosaccharyltransferase (OST) for neighbouring sites. The middle part of the figure shows the signal peptide (SP) within the translocon presenting both the signal peptide cleavage site and the N-glycosylation sites (red asterisk) to signal peptidase (SPase) and oligosaccharyltransferase (OST). The left part shows the experimental result obtained for Gp5 of PRRSV, where the signal peptide is first cleaved and N-glycosylation occurs after that ([@bib0665]). The right part shows the data for Gp3 of EAV; N-glycosylation occurs first and inhibits signal peptide cleavage ([@bib0410]).

In addition, another co-translational modification (possibly) competing with signal peptide cleavage and N-glycosylation is disulphide bond formation. For a few cellular proteins it has been shown that disulphide bond formation generally reduces glycosylation at adjacent sites, probably because a folded and fixed protein conformation cannot be processed by OST ([@bib0010], [@bib0650]). Inspection of the N-terminal amino acid sequences of Gp5 and Gp3 ([Table 6](#tbl0030){ref-type="table"} ) shows that they contain multiple cysteine residues, either within the signal peptide or penultimate to the signal peptide cleavage site. Some of these cysteines may form (possibly transient) disulphide bonds to prevent signal peptide cleavage or N-glycosylation.Table 6N-terminal amino acid sequence of Gp3 of EAV and Gp5 of PRRSV.[^7]

Finally, signal peptide cleavage at more than one site and heterogeneity in the usage of N-terminal glycosylation sites, as demonstrated for Gp5 ([@bib0665]), might create further variability within the N-terminal region of a protein.

It is rarely investigated experimentally whether (and how efficiently) a glycosylation site is used and especially whether (and at which site) a signal peptide is cleaved. Most investigators rely on bioinformatics predictions, which are usually trustworthy, but do not take into account the other co-translational modifications, which are, however, relevant for processing.

How the sequence of co-translational, possibly competitive modifications is regulated is unknown, but the signal peptide itself may play a role. It has emerged that different signal peptides interact with different binding sites within the translocon and that these differences can substantially affect protein biogenesis ([@bib0265]). One can imagine that a signal peptide recruits either OST or signal peptidase to the translocon to allow privileged access to sites that emerge from the translocon. This in turn might influence whether a cysteine is able to form a disulphide bond and whether co-translational formation of a disulphide bond affects glycosylation or the site of signal peptide cleavage. Thus, mutations in the N-terminal region of Gp3 or Gp5 (and even in the signal peptide) might affect all co-translational modifications in an unpredictable manner. In principle, it needs to be determined experimentally for each protein (and variant thereof) how competition for neighbouring processing sites is resolved.

The biological relevance (if any) of this competition for co-translational processing in Gp3 and Gp5 is not known. Regulation of signal peptide cleavage by glycosylation may allow variability of processing. One may speculate that during virus infection of animals the signal peptide is cleaved from Gp3 in certain cell types only. Furthermore, mutations in the N-terminal region of Gp3 occurring during virus propagation in animals might have a similar effect. We have shown that EAV containing Gp3 with cleaved signal peptide is as infectious as wild type EAV, at least in cell culture ([@bib0415]). EAV isolated from the semen of a persistently infected stallion has lost the glycosylation site in the N-terminal region of Gp3, which is otherwise highly conserved ([@bib0025]). Whether or not the co-translational modifications are accomplished has a strong impact on a protein\'s structure, its interaction with other viral proteins and hence the antigenicity of a viral spike. Changes in the co-translational modifications might cause exposure or masking of antigenic epitopes and thus may contribute to viral persistence, a characteristic hallmark of arterivirus infections.

### 2.4.6. Function of Gp2/3/4 during virus entry {#sec0145}

Using an infectious clone of EAV or PRRSV it was demonstrated that abrogation of expression of either Gp2 or Gp3 or Gp4 does not disturb budding of (non-infectious) virus-like particles (containing Gp5, M and the viral genome), indicating that the minor glycoprotein complex (together with E) is essential for at least one step in cell entry of viruses, either binding to the receptor and/or execution of membrane fusion ([@bib0785], [@bib0800]). In line with a role in receptor binding, Gp2 and Gp4, but not Gp3 and Gp5 of PRRSV, could be co-immunoprecipitated with the CD163 receptor if these proteins were co-expressed ([@bib0100]). Although it is plausible that Gp2 and Gp4 mediate receptor binding, the set-up of the experiments was not appropriate to analyse cell entry of PRRSV since the viral proteins were expressed individually and thus could not form a complex with their binding partner. In the same study a strong interaction between Gp4 and Gp5 was observed, which may be required either for build-up of the Gp2/3/4 spike (as discussed in Section [2.4.4](#sec0135){ref-type="sec"}) or for cell entry of PRRSV, suggesting that a network of protein interactions governs virus entry.

A similar conclusion was drawn from a comprehensive study where the amino acid changes between the virulent Bucyrus strain of EAV and attenuated modified live vaccines with a restricted cell tropism were identified. Using chimeric viruses it was concluded that both the Gp5/M and the Gp2/3/4 complex, but neither E nor the non-structural proteins, determine cell tropism. The observed amino acid changes are located mainly in the ectodomains of Gp2, Gp3, Gp4 and Gp5, suggesting that interactions with cellular receptor(s) need to be modified to alter cell tropism. Interestingly, the changes in Gp3 (including a five-amino-acid extension at its C-terminus) were observed only in a vaccine strain with a restricted tropism for CD14^+^ monocytes, whereas a virus with blocked infectivity for CD3^+^ T-lymphocytes had no mutations in Gp3. Thus, amino acid changes in Gp3 might be required only for adaption of EAV to some cell types, implying that it recognizes a different receptor than Gp2/4 ([@bib0235]).

It has not been determined for any arterivirus which of the viral spikes mediates fusion between the viral envelope and cellular membranes. One characteristic hallmark of viral fusion proteins is the presence of a fusion peptide, a hydrophobic region within the protein sequence that -- after a conformational change of the fusion protein -- inserts into the membrane of the target cell to initiate fusion ([@bib0175], [@bib0315]). A Kyte--Doolittle plot reveals that Gp2, Gp3 and Gp4 (but not Gp5 and M) contain an additional region with similar hydrophobicity in the middle of each protein besides the N-terminal signal peptide and the hydrophobic C-terminus ([@bib0285]). These proteins thus resemble classical viral fusion proteins in this respect. Another characteristic feature of viral (and cellular) fusion proteins is the presence of so-called heptad repeats, amino acid sequences with a high propensity to form coiled coil domains. Such heptad repeats are not be predicted for any of the arteriviral membrane proteins (<http://toolkit.tuebingen.mpg.de/pcoils>).

Thus, it remains unclear whether the Gp2/3/4 complex mediates membrane fusion. To resolve this question experimentally, the Gp2/3/4 complex has to be purified in a native form and tested in established membrane fusion assays, such as haemolysis of erythrocytes (a feature of EAV particles; [@bib0710]) or fusion with fluorescently labelled liposomes. Also, it would be instructive to identify the target of cathepsin E ([@bib0450]), which might cleave the viral glycoprotein that subsequently executes membrane fusion, similar to what has been proposed for SARS and Ebola viruses ([@bib0255], [@bib0275]). Other proteolytic steps that are typically needed for activation of viral membrane fusion activity, such as cleavage at mono- or polybasic sites ([@bib0325]), have not been described for any glycoprotein of arteriviruses.

3. Concluding remarks, open questions {#sec0150}
=====================================

Arteriviruses are not as well-studied as important human pathogens such as influenza virus and HIV -- despite the increasing relevance especially of PRRSV in the pig industry. Accordingly, our knowledge of arteriviral features is still sparse. Yet, research in the last years has increased our understanding of these viruses, also in terms of their molecular protein biochemistry, which we have reviewed here. Of particular note, this research has revealed peculiarities that appear to be unique in cell biology, for example the inhibition of signal peptide cleavage by adjacent carbohydrates in Gp3 and the late formation of disulphide bonds between Gp3 and Gp2/4 in virus particles. However, such research is not purely academic since it may contribute to a knowledge-based design of vaccines. Arterivirus infections are likely to remain significant in veterinary medicine and might even have zoonotic potential.

Even though our understanding of the molecular and cell biological features of arteriviruses has advanced, crucial questions have remained unresolved. As outlined above, these comprise the role of Gp5/M for virus budding, the identity and function of the viral membrane fusion machinery (which is probably dependent on Gp2/3/4) and the question whether the E protein is an ion channel and how it interacts with the Gp2/3/4 complex.

 {#sec0165}

Background on processing of membrane proteins {#sec0160}
---------------------------------------------

Synthesis of membrane proteins starts at cytoplasmic ribosomes, but is directed to the endoplasmic reticulum (ER) by an N-terminal **[signal peptide]{.smallcaps}**, 15--30 (sometimes up to 50) amino acids that comprise a basic n-region, a hydrophobic h-region and a polar c-region without further sequence consensus ([@bib0405]). The signal peptide is bound by the signal recognition particle (SRP), a cytosolic multisubunit complex ([@bib0250]). SRP then binds to its receptor at the ER membrane, which targets the complex of ribosome and nascent protein chain to the ER. Proteins without an N-terminal signal peptide may be targeted to the ER by other hydrophobic domains (internal signal peptides).

Protein synthesis then continues by insertion of the nascent peptide chain into the **[translocon]{.smallcaps}** (Sec61 complex), a protein-conducting channel in the ER membrane. Hydrophilic peptide stretches are typically passed through the translocon into the lumen of the ER, but hydrophobic stretches are released laterally into the surrounding membrane ([@bib0515], [@bib0720]). **[Hydrophobicity/hydropathy]{.smallcaps}** (i.e. little propensity to be water-soluble) is the prime determinant for the formation of membrane-spanning stretches. Hydropathy values of amino acids/peptides can be displayed in hydropathy plots (Kyte--Doolittle plots, such as in [Fig. 10](#fig0050){ref-type="fig"}); they are also the basis of algorithms to predict transmembrane regions of proteins ([@bib0560], [@bib0720]).

To form a **[transmembrane region (TMR)]{.smallcaps}**, a peptide should have an uninterrupted sequence of at least 20 hydrophobic amino acids (Ala, Ile, Val, Leu, Gly, Phe, also compatible are Ser, Cys and Thr) in order to span the membrane bilayer (thickness: ∼8 nm) completely. Rarely, one (or very few) charged residues (Asp, Glu, Arg, Lys) might be present inside the transmembrane span, especially if they are required for the function of the protein (e.g. in ion channels), but usually such residues and other hydrophilic amino acids (Asn, Gln) flank both sides of the transmembrane segment. The aromatic amino acids (Trp, Tyr) and also histidine favour a position at the interface region between the hydrophobic membrane core and the water-exposed surface ([@bib0560], [@bib0720]). Shorter hydrophobic spans can form membrane-inserted **[hairpins]{.smallcaps}**. **[Amphipathic helices]{.smallcaps}** have a hydrophilic (hence water-exposed) and a hydrophobic side, the latter is integrated into a membrane.

The **[topology]{.smallcaps}** of a membrane protein (its orientation with respect to the membrane) is usually determined during translation: When a TMD leaves the translocon (through a lateral gate), the following segment of the nascent protein chain is located in the cytosol until a further hydrophobic region inserts into the translocon. In multipass membrane proteins, the amino acids at the cytosolic end of a TMD usually have more basic amino acids compared to the luminal part ("positive inside rule"; [@bib0765]).

A protein may adopt multiple topologies, for example caused by an inefficient signal peptide (a fraction of the protein then remains cytosolic) or by inefficient insertion of a hydrophobic region into the membrane. Dynamic topologies have also been described; a transmembrane helix can be reorientated or inserted into the membrane post-translationally. If this occurs in just a fraction of all molecules, multiple stable topologies (and thus functions) can arise from the same amino acid chain ([@bib0720]).

For single-pass transmembrane proteins, three types are distinguished: **[Type I membrane proteins]{.smallcaps}** have an N-terminal signal peptide, which is cleaved (see below), followed by an ER-luminal stretch, a single TMD, and the C-terminal region facing the cytosol. In **[type II membrane proteins]{.smallcaps}**, the signal peptide is not cleaved and forms a membrane anchor in the mature protein; the topology is opposite (N-terminus towards the cytosol, C-terminus towards the ER lumen). **[Type III membrane proteins]{.smallcaps}** do not have a canonical N-terminal signal peptide; here the N-terminus is exposed to the ER-lumen, followed by a transmembrane stretch (that targets the protein to the ER membrane) and a C-terminal cytosolic domain. In viral membrane proteins, the domain facing the lumen of the ER is referred to as the **[ectodomain]{.smallcaps}** (as it is pointing towards the exterior in the mature virus particle), the cytoplasmic region is the **[endodomain]{.smallcaps}**.

**[Co-translational modifications of membrane proteins]{.smallcaps}** are generated while the protein is being made and sequestered through the translocon. They are important for protein folding, oligomerization, function and antigenicity.

**[Signal peptide cleavage]{.smallcaps}** is performed co-translationally by the signal peptidase, a membrane-bound multimeric protein complex oriented with its catalytic domain towards the ER lumen. During translocation, the c-region of a signal peptide becomes exposed to the lumen of the ER and hence to the signal peptidase. For cleavage to occur, small and uncharged amino acids (Ala, Gly, Ser, Cys) need to be present at positions −1 and −3 upstream of the cleavage site (e.g. ...[A]{.ul}N[A]{.ul}↓SND...). Signal peptides that are not cleaved and contain an h-region long enough to span a lipid bilayer permanently attach the protein to membranes and are hence termed **[signal-anchor domains]{.smallcaps}**. Proteins with a cleaved signal peptide and no further hydrophobic regions often get secreted. There are reliable bioinformatics tools such as SignalP ([[http://www.cbs.dtu.dk/services/SignalP/]{.ul}](http://www.cbs.dtu.dk/services/SignalP/){#intr0125}) to predict whether the N-terminus of a protein functions as a signal peptide and whether or not it is cleaved.

It was originally thought that signal peptides are interchangeable targeting domains without any further function, but recent studies have revealed a remarkable complexity. Some signal peptides are cleaved very slowly, which affects subsequent folding and N-glycosylation of the respective protein ([@bib0350]). It is also possible that a signal peptide interacts only weakly with the translocon such that a fraction of the protein remains cytosolic. After cleavage from the protein, the signal peptide can have post-cleavage functions, especially in the life cycle of viruses: Some cleaved signal peptides are relevant for virus particle egress (e.g. in the retrovirus Foamy virus ([@bib0380]) or as cofactors for protein maturation (of the Lassa virus glycoprotein; [@bib0180])). Typically, the signal peptide is further processed by the intramembraneous signal peptide peptidase; the resulting peptide fragments can be loaded onto MHC class I and presented on the cell surface to inhibit natural killer cells ([@bib0265]).

**[N-glycosylation]{.smallcaps}** is performed by oligosaccharyltransferase (OST), a multimeric membrane protein complex with the active site facing the ER lumen. A preassembled core oligosaccharide (glycan) is transferred from the membrane-embedded lipid dolichol to asparagine residues in the target proteins. The asparagine has to be in the context of the sequence motif (**[sequon]{.smallcaps}**) N-X-S/T, where X can be every amino acid except proline. Importantly, only about 2/3 of the potential sites are used as substrate by OST. The residues in and around the sequon affect the efficiency of glycosylation, e.g. NXT is preferred over NXS ([@bib0005], [@bib0310], [@bib0820]). Further, folding of a protein can prevent accessibility of a potential glycosylation site. In addition, steric hindrance generally prevents glycosylation of sequons that are too close to a transmembrane span (\<13 amino acids; [@bib0475]) or too close to another sequon (a distance of at least two residues is required to achieve partial glycosylation of both sites). Overlapping sequons (e.g. NNTT) are either not used or glycosylated at only one site per molecule ([@bib0300], [@bib0310], [@bib0565]). The only known exception are the glycoproteins Gp3 and Gp5 of arteriviruses, which often contain overlapping sequons that are used quite efficiently at both sites (see main text, Section [2.4.2.1](#sec0120){ref-type="sec"}). Along the secretory pathway, the core glycosylation (as attached by OST) gets sequentially processed by a multitude of enzymes. In consequence, the glycans usually become resistant to digestion with the enzyme **[Endoglycosidase H (Endo H)]{.smallcaps}** upon passage of the protein through the medial-Golgi, whereas all N-glycosylations can be removed from proteins with **[Peptide:N-glycosidase F (PNGase F)]{.smallcaps}**.

**[Disulphide bonds]{.smallcaps}** are formed by oxidation of sulfhydryl (---SH) groups of two cysteine residues, resulting in a covalent bond (---S---S---) between the two cysteines. These bonds support structural stability within a polypeptide chain (intramolecular disulphide bonds) and promote or stabilize the assembly of multi-protein complexes (intermolecular disulphide bonds). Potentially any two cysteine residues in close spatial proximity can form a disulphide bond spontaneously, especially in the oxidizing milieu of the ER lumen. In that case non-native disulphides may arise, which can prevent correct folding. In the ER, such disulphide bonds can be reduced and reformed by **[protein disulphide isomerases]{.smallcaps}** (**PDI**; [@bib0495]).

**[Myristoylation]{.smallcaps}** is the covalent attachment of the saturated 14-carbon fatty acid myristate to the N-terminal glycine residue in the consensus sequence (M-)G-X-X-X-S/T, catalyzed by N-myristoyltransferase. The start methionine is cleaved off, and myristate is attached by an amide bond to the amino group of the glycine. This typically happens co-translationally in the cytoplasm, but post-translational myristoylation is also possible (after proteolytic cleavage of a protein and generation of an N-terminal glycine). Myristoylation is relevant for membrane targeting of proteins ([@bib0045], [@bib0210]).

**[Protein folding and oligomerization]{.smallcaps}.** The folding of a membrane protein starts during translocation into the lumen of the ER and continues after release of the completed protein from the translocon. In principle, a protein can fold spontaneously into its native conformation, but the process is assisted by chaperones such as heat shock proteins, BiP, calnexin and calreticulin. These folding factors do not catalyze protein folding, but rather shield newly synthesized proteins -- especially hydrophobic regions exposed at their surface -- from aggregation ([@bib0050], [@bib0185]). Correct folding is also governed by glycosylation as well as formation of disulphide bonds and their isomerization by PDI.

Viral membrane proteins form oligomeric spike proteins, either composed of multiple copies of the same protein (homooligomers) or (in the case of Nidovirales) of different viral proteins (heterooligomers). Folding and oligomerization are intimately linked: A glycoprotein with a folding defect does not oligomerize and vice versa. Thus, if a single protein of an heterooligomeric spike is expressed alone (as it often has been reported for membrane proteins of arteriviruses), it is rather unlikely that the product has the same structure and antigenicity as the native counterpart ([@bib0160]).

Only properly folded proteins can exit the ER. Unfolded, misfolded and aggregated proteins are disposed of via the ER-associated degradation system ([@bib0185]). ER-resident proteins, not supposed to leave the ER, have **[retention or retrieval signals]{.smallcaps}**. The most common of these are the KDEL motif, the di-lysine motif and arginine-based motifs. KDEL is found at the C-terminal end of soluble proteins, which are retrieved from other compartments back to the ER by action of a membrane-bound KDEL receptor ([@bib0525]). The di-lysine motif (usually KKXX, but also RKXX, KXKXX, KXHXX) is located at the cytoplasmic tail of transmembrane proteins and bound by the cytosolic coat of COPI transport vesicles for recycling of "escaped" proteins back to the ER ([@bib0080]). Arginine-based motifs occur in various positions in the cytoplasmic tail of heterooligomeric protein complexes and maintain unfolded proteins in the ER until the signal is masked by protein assembly ([@bib0445]).

The length of the transmembrane region also affects protein targeting. In comparison to the membranes of ER and Golgi, the plasma membrane is thicker and thus harbours proteins with longer transmembrane spans (typically 24 amino acids; [@bib0595]).
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[^1]: Present address: Karolinska Institutet, Institutionen för mikrobiologi, tumör- och cellbiologi (MTC), Nobels väg 16, SE-171 77 Stockholm, Sweden.

[^2]: Sequence alignment of M from PRRSV type 2 (VR-2332 strain, accession number [AAD12130.1](ncbi-p:AAD12130.1){#intr0025}), PRRSV type 1 (strain Lelystad, [Q04565](ncbi-p:Q04565){#intr0030}) and EAV (strain Bucyrus, [P28991](ncbi-p:P28991){#intr0035}). The unused myristoylation motif GXXXS/T present in M of EAV is in bold and underlined, the only cysteine linking M to Gp5 is in bold and charged amino acids delimiting the first and the beginning of the second transmembrane region (TMR) are shaded in grey.

[^3]: Charged residues are shaded grey, the conserved proline is in bold and underlined. PRRSV 2: PRRSV strain VR-2332 (residues 65--126, accession number [AAD12129.1](ncbi-p:AAD12129.1){#intr0040}); PRRSV 1: PRRSV strain Lelystad (67--128, [Q04569](ncbi-p:Q04569){#intr0045}); EAV: EAV strain Bucyrus (122--182, [P28995](ncbi-p:P28995){#intr0050}); LDV: lactate dehydrogenase-elevating virus (65--126, [NP_042577.1](ncbi-p:NP_042577.1){#intr0055}). See blue cylinders (labelled HR and TMR) in [Fig. 3](#fig0015){ref-type="fig"} for location of amino acids within the structure of Gp5.

[^4]: The signal peptide is shaded in grey, either dark grey (cleavage of signal peptide at site 1), or light grey (cleavage at site 2). Epitope A (immunodominant, but non-neutralizing) and epitope B (neutralizing) are underlined and separated by a hypervariable region. Glycosylation sites are in bold. Accession numbers: VR-2332: [ABB18278](ncbi-p:ABB18278){#intr0060}, Ingelvac (modified live vaccine): [ABO87446](ncbi-p:ABO87446){#intr0065}, IAF Klop (strain from Quebec): [AAC41206](ncbi-p:AAC41206){#intr0070}, HUB (isolate from China): [ABW88233](ncbi-p:ABW88233){#intr0075}. See [Fig. 3](#fig0015){ref-type="fig"} for location of amino acids within the structure of Gp5.

[^5]: The (predicted) signal peptide sequence is shaded in grey. Glycosylation sites are in bold. The neutralizing epitope is underlined and bold. + and − indicate whether the respective strain is neutralized by a monoclonal antibody. The only amino acid difference in Gp5 between Lelystad and I-10 is in italic and underlined. Sequences are from [@bib0805].

[^6]: N-terminal Gp3 sequences from various arteriviruses. Glycosylation sequons are in bold, the signal peptide is underlined and a gap in the sequence indicates the most probable cleavage site as predicted with SignalP ([[http://www.cbs.dtu.dk/services/SignalP/]{.ul}](http://www.cbs.dtu.dk/services/SignalP/){#intr0080}). Shaded in grey is the predicted, but unused, N-terminal myristoylation site (GXXXS) present in Gp3 of EAV (see text). Accession numbers: EAV (Bucyrus strain): [P28993](ncbi-p:P28993){#intr0085}, VR-2332: [AAD12127](ncbi-p:AAD12127){#intr0090}, Lelystad: [Q04567](ncbi-p:Q04567){#intr0095}, SHFV: [AAB63392](ncbi-p:AAB63392){#intr0100}, LDV: [NP_042575](ncbi-p:NP_042575){#intr0105}.

[^7]: "No" and "yes" indicate whether the signal peptide is cleaved from the respective wild type protein or indicated mutant ([@bib0410], [@bib0665]). The predicted signal peptide is underlined, used glycosylation sites are in bold and underlined and cysteine residues are shaded grey in the wild type protein.
